Running title: Role of epigenetic changes for Treg development
Introduction
Regulatory T (Treg) cells engage in the maintenance of immunological self-tolerance and homeostasis by suppressing aberrant or excessive immune responses harmful to the host . The transcription factor Foxp3, which is specifically expressed in Treg cells, crucially controls their development (Fontenot et al., 2003; Hori et al., 2003) .
Mutations or deletion of the gene that encodes Foxp3 cause severe autoimmune and/or inflammatory disease in humans and mice, due to the failure in generating Treg cells (Bennett et al., 2001; Fontenot et al., 2003) . Moreover, ectopic expression of Foxp3 is able to confer suppressor function on peripheral CD4 + CD25 -conventional T (Tconv) cells (Fontenot et al., 2003; Hori et al., 2003) . Based on these findings, Foxp3 has been considered as a master regulator or lineage-specification factor for Treg cells. (Gavin et al., 2007) . Moreover, T cell receptor (TCR) stimulation can induce transient Foxp3 expression in naive T cells, but not suppressive activity, in humans (Allan et al., 2007; Miyara et al., 2009 ). These findings indicate that Foxp3 expression is essential, but insufficient for the development of Treg cells.
In addition, it remains controversial whether Treg cells bear plasticity to become autoimmune effector T cells via losing Foxp3 expression under certain conditions (Tsuji et al., 2009; Zhou et al., 2009) . It is therefore imperative to determine at the molecular level how Foxp3 expressing T cells differentiate into fully functional Treg cells.
Epigenetic mechanisms such as DNA methylation, histone modification, nucleosome positioning, and microRNAs are essential for controlling gene expression in an inheritable and potentially reversible manner (Gibney and Nolan, 2010) . Moreover, increasing evidence shows an important role of epigenetic gene regulation for cell differentiation, in particular, for the stabilization and fixation of cell lineages (Kim et al., 2009; Musri and Parrizas, 2012) .
Several groups have demonstrated that specific DNA demethylation and histone modifications of the Foxp3 gene occur in Treg cells, and that demethylation of the Foxp3 conserved noncoding sequence 2 (CNS2) region is important for inducing or stabilizing Foxp3 expression (Kim and Leonard, 2007; Polansky et al., 2008; Zheng et al., 2010) . It remains obscure, however, whether epigenetic regulation of Foxp3 alone is sufficient for the proper development of Treg cell lineage.
Here, we have attempted to elucidate the factors complementing the insufficiency of 
Results

DNA methylation pattern of nTreg cells
We first sought to obtain a comprehensive profile of genome-wide DNA methylation pattern of nTreg cells by methylated DNA immunoprecipitation sequencing (MeDIP-Seq) ( Figure S1A ). Differential peaks of methylated DNA fragments between nTreg and Tconv cells were mainly detected in gene bodies such as coding regions and introns ( Figure S1B ).
CpG islands and immediately upstream regions of transcription start sites (i.e., promoter regions) were prone to be hypomethylated in both Tconv and nTreg cells ( Figure S1C ). Genes highly expressed in Treg cells and associated with Treg functions [e.g., Foxp3, Il2ra
(encoding CD25) and Ikzf4 (encoding Eos)] retained a larger number of methylation peaks in Tconv cells compared to nTreg cells ( Figure S1D ). In contrast, the majority of methylation peaks were common between nTreg and Tconv cells, or dominant in nTreg cells, in cytokine genes repressed in nTreg cells (e.g., Il2, Ifng; Figure S1E ), genes encoding Treg-producing suppressive cytokines (e.g., Tgfb1, Il10; Figure S1F ), and genes determining other T cell lineages (e.g., Tbx21, Gata3; Figure S1G ).
We next confirmed the differences by bisulfite sequencing, since the accuracy of MeDIPseq could be affected by CpG density, DNA sequences, or the quality of the antibody for immunoprecipitation. Treg-dominant CpG hypomethylated regions were indeed present in Foxp3, as well as Foxp3-dependent Treg-associated genes (Hill et al., 2007; Sugimoto et al., 2006) , such as Il2ra, Ctla4, and Tnfrsf18 (encoding GITR) (Figures 1A and S1H) , and Foxp3-independent Treg-associated genes, such as Ikzf4 and Ikzf2 (encoding Helios) (Figures S1I and S1J). Bisulfite sequencing also confirmed that the nTreg-dominant hypermethylated regions were scarce in the Treg-upregulated genes (Figures 1A and S1H-J). Moreover, there were few differentially methylated regions in the genes repressed in nTreg cells, such as Il2 and Ifng ( Figure S1K ), and in the differentially regulated gene Zap70, which was up-or down-regulated following TCR stimulation in Tconv and nTreg cells, respectively ( Figure   S1L ). Since Foxp3 intron1 (corresponding to Foxp3 CNS2), Tnfrsf18 exon5, Ctla4 exon2, Ikzf4 intron1b, and Il2ra intron1a segments exhibited marked differences in the degree of demethylation between Tconv and nTreg cells (Table S1 ), we used them as "Treg-6 representative regions" in the following studies. We also confirmed that the differences were reproducible in Foxp3-IRES-GFP knock-in reporter mice ( Figure 1B ) and in mice on different genetic backgrounds (BALB/c, C57BL/6 and B10.BR), and that most cytosines protected from bisulfite treatment were methyl-cytosines of CpG residues (not hydroxymethylcytosines or non-CpG methyl-cytosines) in those regions of Tconv cells and CD4 + CD8 + thymocytes (data not shown).
nTreg cells exhibit Treg-specific CpG hypomethylation pattern
We next examined whether CpG hypomethylation of the Treg representative regions was specific for the nTreg cell lineage. The methylation status of Foxp3, Tnfsf18, Ctla4, and Ikzf4 was stably high in Tconv cells and low in nTreg cells after CD3+CD28 stimulation ( Figure   1C ). The Il2ra intron1a region was gradually demethylated in Tconv cells during in vitro culture with or without TCR stimulation, suggesting that Il2ra intron1 is different from other Treg-representative regions in the mode of demethylation. In vitro TGF--or retinoic acid+ TGF--induced iTreg cells, which expressed Foxp3, CD25, GITR, and CTLA-4 proteins at similar amounts as nTreg cells (data not shown), carried no significant alteration in these regions other than Il2ra ( Figure 1E by comprehensive analysis of genome-wide DNA methylation status, we observed that the modifications of the majority of genomic regions lacked specificity to nTreg cells, or stability after various stimulations (Figures 1, S1 and data not shown). Therefore, in the following experiments, we used the CpG methylation status of these limited regions as an indicator for evaluating the establishment of nTreg-type CpG hypomethylation pattern (hereafter, the hypomethylation pattern deduced by these limited regions is designated as nTreg-Me), along with the status of Il2ra as non-specific CpG hypomethylation in nTreg cells.
Histone modifications are less specific for nTreg cells
Epigenetics involves not only DNA methylation but also a variety of mechanisms such as histone modifications and microRNAs. We therefore checked possible nTreg-specific histone modifications by using available chromatin databases of T cell subsets (Wei et al., 2009) . In silico analysis of the databases revealed that the CpG hypomethylated regions of the Treg-associated genes were correlated with the regions where trimethylation of histone H3 lysine 4 (H3K4me3) modification, an euchromatic histone marker associated with a transcriptionally permissive state, was higher in nTreg cells than in naïve T cells ( Figures 1A and S1H-L). Yet, enhanced H3K4me3 modification in Treg-associated genes was also detected in in vitro generated iTreg, Th1, Th2 and Th17 cells ( Figure S1H-M) . In addition, H3K27me3 modification, a heterochromatic marker associated with a transcriptionally repressive state, of the Treg-associated genes were similar between naïve T, nTreg and iTreg cells . Thus, although enhanced H3K4me3 modification appeared to be correlated with CpG hypomethylation within the Treg-associated genes, the histone modifications were less specific for the nTreg cell lineage than DNA methylation.
Establishment of nTreg-Me is independent of Foxp3 expression
Because Foxp3 has been considered as a master regulator for Treg development, we next attempted to determine whether Foxp3 expression contributed to the establishment of nTregMe, by using DEREG (Foxp3 promoter-GFP BAC transgenic) mice and DEREG-Scurfy (Foxp3-null DEREG) mice (Lahl et al., 2007; Lahl et al., 2009) . DEREG-Scurfy mice Figure 2C ). This indicates that the progressive demethylation in DEREG-Scurfy mice is not a consequence of Foxp3 expression or systemic inflammation due to Foxp3 deficiency (Lahl et al., 2009 ).
Moreover, retroviral Foxp3-overexpression in Tconv cells was unable to induce nTreg-Me except Il2ra ( Figure 1D ), and Foxp3 was expressed in in vitro generated iTreg cells without accompanying nTreg-Me ( Figure 1E ). Altogether, these results indicate that the establishment of nTreg-Me is independent of Foxp3 expression in the course of nTreg cell development.
nTreg-Me is causative for Treg-type gene expression
Is nTreg-Me a cause or consequence of Treg-type gene expression? To address the issue, we first examined whether CpG hypomethylation of Foxp3 intron1 was installed without Foxp3 mRNA or protein expression. In Scurfy mice, whose Foxp3 is disrupted by a frameshift mutation , the CpG hypomethylation occurred in Taken together, these results indicate that nTreg-Me is not a consequence of protein expression, but causative of the nTreg-type gene expression, although technical limitation so far prevented us from directly assessing the effect of locus-specific DNA demethylation on the Treg-specific gene expression.
nTreg-Me and Foxp3 expression complement each other
Foxp3 is involved in the transcriptional regulation of the Treg-associated molecules (Hill et al., 2007; Sugimoto et al., 2006) proteins, in contrast with sustained high level expression of these molecules in nTreg cells ( Figure 6C ). The recipients of iTreg-cotransfer had reduced survival, lost body weight, and developed histologically evident colitis in contrast with mice having received nTregcotransfer ( Figures 6D and 6E ).
Taken together, these results indicate that the establishment of nTreg-Me is required for 
TCR stimulation is required for the establishment of nTreg-Me
Since TCR stimulation is required for Treg development , it may contribute to not only Foxp3 expression but also the establishment of nTreg-Me in the thymus and the periphery. We therefore assessed the CpG methylation status of developing CD4SP thymocytes that recognized selecting self-ligands at moderate intensities. The AND TCR is weakly reactive with its altered peptide ligand AND-102E (moth cytochrome c 88-103 peptide with 102E substitution) (Yamashiro et al., 2002) (Gavin et al., 2007; Hill et al., 2007; Sugimoto et al., 2006) . Similarly, phenotypically Treg-like cells are found in some IPEX patients with FOXP3 mutation or deletion (Bacchetta et al., 2006) . Moreover, in humans, activated Tconv cells temporarily express Foxp3 without exhibiting suppressive activity (Allan et al., 2007) . Thus, our results together with these findings indicate that Treg development is not solely attributed to the expression of Foxp3; in other words, Foxp3 is a highly specific marker for Treg cells but not a definitive factor for determining Treg cell lineage.
Epigenetic reprogramming provides the key to establishing a stable Treg cell lineage.
TGF--mediated in vitro conversion of Tconv cells has been used in various studies to
generate iTreg cells with partial suppressive activity. However, the phenotype of TGF--induced iTreg cells was found to be unstable upon restimulation in the absence of exogenous TGF- (Floess et al., 2007) . We also showed that in vitro generated iTreg cells lacked nTregMe, functional stability in cell transfer model, and nTreg-type phenotypes. The results suggest that TGF- together with CD3+CD28 stimulation is not sufficient to develop bona fide Treg cells. In contrast, in vivo generated iTreg cells gradually obtained nTreg-Me ( Figure 7B ). In addition, in vivo iTreg cells retain potent suppressive activity, and their whole gene expression profile is more similar to that of nTreg cells compared with in vitro iTreg cells (Haribhai et al.; Josefowicz et al., 2012) . Although the functional differences between nTreg and in vivo iTreg cells have been recently addressed in several experimental settings (Haribhai et al.; Josefowicz et al., 2012) , long-lasting in vivo generated iTreg cells appear to be similar to nTreg cells in functional and phenotypic stability. In addition, several groups (Miyao et al., 2012; Yang et al., 2008) We found that several evolutionarily conserved regions within the Treg-associated genes are completely and selectively demethylated in Treg-committed cells in the thymus. It has been postulated that DNA methylation inhibits the recognition of DNA by some proteins (Prokhortchouk and Defossez, 2008) , and is generally associated with gene repression (Gibney and Nolan, 2010) . In accordance with this notion, Ets-binding to the Foxp3 CNS2 region was only observed when the region was demethylated (Polansky et al., 2010) . CREB/ATF was also shown to bind to the CNS2 region in a demethylation-dependent manner (Kim and Leonard, 2007) . In addition, we found that H3K4me3 modification, an euchromatin marker associated with transcriptionally permissive state, accumulated in the majority of Treg-specific hypomethylated regions. Thus, nTreg-Me together with accompanied epigenetic modifications appears to be prerequisite for specific gene expression via facilitating the binding of transcription factors to specific loci. These epigenetic changes would consequently lead to the specific gene expression, and the augmentation of its stability.
Our study has shown that TCR signaling plays an important role for establishing Tregtype CpG hypomethylation. TCR stimulation also contributes to the induction of Foxp3, as illustrated by the absence of Foxp3 + T cells in TCR transgenic mice with RAG deficiency (Itoh et al., 1999) . The present results suggest that TCR stimulation required for establishing nTreg-Me may be different from that for inducing Foxp3 in duration or intensity. nTreg-Me was initiated in developing thymocytes via interaction of their TCRs with self-ligands, and progressively established by continuous TCR stimulation in the thymus and the periphery. In contrast, Foxp3 expression in developing thymocytes appears to depend chiefly on the intensity of TCR stimulation (Jordan et al., 2001) , and is rapidly induced after TCR stimulation. It has also been shown that TCRs with high affinity for self-antigen are frequently observed in Treg cells (Cabarrocas et al., 2006) , and TCR repertoire of Treg cells is different from that of peripheral Tconv cells (Hsieh et al., 2006) . It is thus likely that only those thymocytes with particular TCRs which can receive a signal for a proper duration and at an appropriate intensity acquire both nTreg-Me and Foxp3 expression, and are thus developmentally set into the Treg lineage.
In conclusion, we have shown that Treg development requires concurrent occurrences of (Lahl et al., 2007; Yamashiro et al., 2002) and were maintained under specific pathogen-free conditions in accordance with our institutional guidelines for animal welfare. Foxp3-IRES-GFP knock-in mice were prepared as previously described (Wing et al., 2008) . PureLink Genomic DNA Kits (Invitrogen), fragmented to 100-500 bp by sonication, and immunoprecipitated by MagMeDIP kit (Diagenode). DNA fragments with proper size were selected after PCR amplification and subjected to cluster generation and sequencing analysis using the Hiseq 2000 (Illumina). Sequenced reads were mapped to the mouse genome (ver. mm9) using BOWTIE (Langmead et al., 2009) . Peaks for each populations were called using MACS (Zhang et al., 2008) 
